A new species of Leurocephala Davis & Mc Kay (Lepidoptera, Gracillariidae) from the Azapa Valley, northern Chilean Atacama Desert, with notes on life-history  by Pereira, Cristiano M. et al.
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a  b  s  t  r  a  c  t
The  Neotropical  micromoth  genus  Leurocephala  Davis  & Mc Kay, 2011  (Lepidoptera,  Gracillariidae)  was
originally described  to  include  only  the  type  species,  L.  schinusae  Davis  & Mc Kay,  2011,  whose  leaf
miner  larvae  are  associated  with  Anacardiaceae  in  Argentina,  Brazil  and  Paraguay.  An integrative  analy-
sis including  morphology,  life  history  and DNA  barcode  sequences  revealed  that  specimens  collected  on
Schinus  molle  L. (Anacardiaceae)  in the  coastal  valleys  of the  Atacama  Desert  of  northern  Chile  belong  to
a second  species  of this  formerly  monotypic  genus.  Adults  of  Leurocephala  chilensis  Vargas  &  Moreira  sp.
nov. are  herein  described  and  illustrated  in  association  with  the  immature  stages  and  life  history,  andracillariid moths
eaf miners
icrolepidoptera
chinus
corresponding  phylogenetic  relationships  are  assessed  based  on  DNA  barcode  sequences.  This  ﬁnding
provides  the  ﬁrst  record  of Leurocephala  from  west  of  the  Andes  Range,  expanding  remarkably  its  geo-
graphic  range.  It is suggested  that  the  extent  of diversity  within  Leurocephala  is much  greater  and  that
variation  in geographic  factors  and  host  plant  use may  have  modeled  it,  an  evolutionary  hypothesis  that
should  be assessed  in  further  studies.
© 2016  Sociedade  Brasileira  de  Entomologia.  Published  by  Elsevier  Editora  Ltda.  This is  an  open
he  CCaccess  article  under  t
ntroduction
Gracillariidae is a highly diverse lineage of leaf-mining Lepi-
optera, with 105 recognized genera and 1952 species distributed
orldwide; over 180 taxa have been recorded in the Neotropical
egion (De Prins and De Prins, 2016; De Prins et al., 2016). Recent
tudies have suggested that the comparatively low diversity of the
eotropical fauna of Gracillariidae is an artifact due to the low
ampling efforts in this geographic area; accordingly, further sur-
eys should render many additional species (Lees et al., 2014; Brito
t al., 2016).
The use in conjunction of distinct characters and methodologies
o study taxonomical problems, since 2005 deﬁned as integra-
ive taxonomy, is the modern basis of delimitation and discovery
f species (Dayrat, 2005). The usefulness of this approach hasPlease cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
een widely recognized, especially in cases involving species with
losely similar morphology (e.g., Schlick-Steiner et al., 2010; Barão
t al., 2014; Kergoat et al., 2015; Kirichenko et al., 2015), a pattern
∗ Corresponding author.
E-mail: gilson.moreira@ufrgs.br (G.R. Moreira).
http://dx.doi.org/10.1016/j.rbe.2016.11.003
085-5626/© 2016 Sociedade Brasileira de Entomologia. Published by Elsevier Editor
reativecommons.org/licenses/by-nc-nd/4.0/). BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
probably widespread among genera of Neotropical Gracillariidae
(Davis and Wagner, 2011).
The Neotropical micromoth genus Leurocephala Davis & Mc  Kay,
2011 (Lepidoptera, Gracillariidae) originally included only the type
species, L. schinusae,  whose leaf miner larvae are associated with
Anacardiaceae in Argentina, Brazil and Paraguay (Davis & McKay,
2011). Molecular phylogenetic analyses based on sequences of 21
nuclear protein-coding genes placed Leurocephala within the Parec-
topa group of Gracillariinae (Kawahara et al., 2011). This group of
lineages is characterized by the placement of the ostium bursae on
the VII sternum of the female, which is supposedly a highly distinct
morphological apomorphy (Kumata et al., 1988; Kawakita et al.,
2010).
Leurocephala remained as a monotypic genus until now. How-
ever, as part of a study of the Lepidoptera associated with native
plants in the coastal valleys of the Atacama Desert of northern Chile,
adults of Leurocephala were recently reared from leaf mines occur-
ring on Schinus molle L. (Anacardiaceae). Thus, represents a novelpecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
record in terms of both geographic distribution and host plant use
for such a micromoth genus. Furthermore, a preliminary analysis
of the morphology of the male and female genitalia enabled us to
hypothesize that these specimens were not conspeciﬁc with the
a Ltda. This is an open access article under the CC BY-NC-ND license (http://
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ype species. This hypothesis was subsequently supported by an
ntegrative analysis of morphology, life history, and DNA barcode
equences.
Accordingly, the aim of this article is to provide descriptions
f all the life stages and the life history of a new species of Leuro-
ephala from the Atacama Desert. In addition, the ﬁrst assessment of
he phylogenetic relationships for the two species of this formerly
onotypic genus is provided based on sequences of mitochondrial
NA.
aterial and methods
Specimens used for description in this study were either diss-
cted or reared from leaf mines collected on S. molle plants in
he Azapa valley, Atacama Desert, northern Chile, between 2008
nd 2016. They were brought to the entomology laboratory of
he Facultad de Ciencias Agronómicas, Universidad de Tarapacá,
rica, where they were either dissected or reared in small plastic
ials. These were maintained at room temperature and periodically
nspected for emerged adults, which were pinned and dried.
orphological analysis
Immature stages were ﬁxed in Dietrich’s ﬂuid and preserved in
5% ethanol. For descriptions of the gross morphology, the speci-
ens were cleared in a 10% potassium hydroxide (KOH) solution
nd slide-mounted in either glycerin jelly or Canada balsam.
Observations were performed with the aid of a Leica
®
M125
tereomicroscope, and measurements were performed using
n attached ocular micrometer (precision = 0.01 mm). Structures
elected to be drawn were previously photographed with a Sony
®
.
Cyber-shot DSC-H10 digital camera attached to the stereomi-
roscope. Vectorized line drawings were then made with the
oftware Corel Photo-Paint
®
X7, using the corresponding digital-
zed images as a guide. At least ﬁve specimens were used for the
escriptions of each life stage or instar.
For scanning electron microscope analyses, additional speci-
ens were dehydrated in a Bal-tec
®
CPD030 critical-point dryer,
ounted with double-sided tape on metal stubs and coated with
old in a Bal-tec
®
SCD050 sputter coater. They were examined and
hotographed in a JEOL
®
JSM6060 scanning electron microscope
t the Centro de Microscopia Eletrônica of Universidade Federal do
io Grande do Sul (UFRGS).
For plant anatomical descriptions, ﬁeld-collected leaf portions
f S. molle containing mines of Leurocephala chilensis were ﬁxed
n FAA (37% formaldehyde, glacial acetic acid and 50% ethanol,
:1:18, v/v), and preserved in 70% ethanol. Leaf portions contain-
ng the different larval instar morphotypes were selected under
 stereomicroscope in the laboratory. They were then progres-
ively hydrated, immersed in 10% potassium hydroxide for 20 min,
tained for 24 h with toluidine blue (aqueous solution: 200 mg/L)
nd then mounted whole in glycerine on slides. Semi-permanent
lides were also prepared with freehand cross sections cut with a
azor blade, using additional mines containing larvae of different
ges and prepared similarly. Head-capsule exuvia were located by
ransparency in the slide-mounted mines and measured under the
tereomicroscope with an attached ocular micrometer.
useum collectionsPlease cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
Abbreviations of the institutions from which specimens were
xamined are as follows: IDEA, Colección Entomológica de la Uni-
ersidad de Tarapacá, Arica, Chile; LMCI, Laboratório de Morfologia
 Comportamento de Insetos, Universidade Federal do Rio Grande PRESS
 Entomologia xxx (2016) xxx–xxx
do Sul, Porto Alegre, Brazil; MNNC, Museo Nacional de Historia
Natural de Santiago, Santiago, Chile.
Molecular analysis
Total genomic DNA was  extracted from fresh larval tissue using
the PureLink kit (Life, Invitrogen, USA) following manufacturer’s
instructions. Specimens from the type locality of the new taxon
L. chilensis (n = 2; Azapa) and of the only species recognized in the
genus, L. schinusae (n = 4; Paraná and Rio Grande do Sul, Brazil) were
surveyed to generate original data (Table 1). We also incorporated
from the BOLD System and Genbank databases three individuals
of L. schinusae from Misiones, Argentina. This dataset was  used to
assess the monophyletic status of L. chilensis. Gracillarid species of
the Spinivalva Moreira & Vargas, likely the sister lineage of Leuro-
cephala, and also of Parectopa Clemens and Epicephala Meyrick, all
belonging to the ‘Parectopa group’ (Brito et al., 2013), were used
as outgroup, the corresponding sequences being downloaded from
GenBank (Table 1). We  ampliﬁed the DNA barcode region (part of
the mitochondrial cytochrome oxidase I) including 658 base pairs,
using primers and conditions described by Folmer et al. (1994).
PCR products were puriﬁed using exonuclease (GE Healthcare Inc.)
and Shrimp Alkaline Phosphatase (SAP), sequenced with BigDye
chemistry and analyzed in an ABI3730XL (Applied Biosystems
Inc.). Chromatograms obtained from the automatic sequencer were
read and sequences were assembled using the software Codon-
Code Aligner (CodonCode Corporation). Sequences generated in
this study were deposited in the databases GenBank and BOLD
System (Table 1).
Corresponding tree was  constructed using maximum likelihood
(ML) method in the software PHYML 3.0 (Guindon et al., 2010).
The program jModelTest 2 (Darriba et al., 2012) was  used to esti-
mate the substitution model (General Time-Reversible; Rodriguez
et al., 1990), following the Akaike Information Criterion. Mono-
phyly conﬁdence limits were assessed with the bootstrap method
(Felsenstein, 1985) at 50% cut-off after 1000 bootstrap iterations.
We also analyzed the pairwise genetic distance using the Kimura 2-
parameter model (Kimura, 1980) procedure, with 1000 bootstrap
replications, between clusters deﬁned in the phylogeny and out-
groups.
Results
Leurocephala chilensis Vargas & Moreira sp. nov.
Type material. Male holotype: Azapa, Arica, Chile, August 2015,
ex leaf miner larva on S. molle, July 2015, H.A. Vargas coll. (MNNC).
Paratypes:  Two  males, two females, same data as holotype
(MNNC); two  males and three females, same data as holotype
(IDEA); one male and one female Azapa, Arica, Chile, December
2010, ex leaf miner larva on S. molle, July 2010, H.A. Vargas coll.
(IDEA); three males Azapa, Arica, Chile, November 2011, ex leaf
miner larva on S. molle, October 2011, H.A. Vargas coll (IDEA).
Genitalia dissected by H.A. Vargas (HAV) were deposited in
IDEA, under accession numbers as follows, all from Azapa, Arica,
Chile, ex leaf miner larva on S. molle: HAV276, one male, Decem-
ber 2010; HAV358, 359 and 402, three males, November 2011;
HAV108, one female, December 2010; HAV1020 and 1024, two
males, August 2015; HAV1021 and 1023, two females, August 2015.
H.A. Vargas coll. Immature specimens of L. chilensis were deposited
in LMCI, dissected from leaf mines on S. molle from Azapa, Arica,
Chile, August 2012, H.A. Vargas and G.R.P. Moreira coll. as follows:pecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
preserved in 100% alcohol below −10 ◦C, used for DNA extraction
(LMCI 191-3); preserved in 75% alcohol, used for microscopy stud-
ies, seven eggs (LMCI 191-37), six ﬁrst instar larvae (LMCI 191-41),
twelve last instar larvae (LMCI 43), seven pupae (LMCI 191-44).
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Table  1
Gracillarid specimens used in this study to reconstruct the phylogenetic status and evolutionary relationships of Leurocephala chilensis based on 658 base pairs of DNA barcode
(cytochrome oxidase subunit I gene) sequences.
Group Genus Species Voucher Locality Accession number
Genbank BOLD system
Ingroup
Leurocephala
chilensis LMCI 191-3-1 Chile, Azapa KY006921 MISA007-16.COI-5
LMCI 191-3-5 Chile, Azapa KY006922 MISA008-16.COI-5
schinusae
DDAV-D546 Argentina, Misiones HM382092 RDOPO 384-10.COI-5
DDAV-D547 Argentina, Misiones HM382093 RDOPO 385-10.COI-5
DDAV-D576 Argentina, Misiones HM382112 RDOPO 414-10.COI-5
LMCI 295-19B Brazil, Rio Grande do Sul KY006923 MISA009-16.COI-5
LMCI 295-19C Brazil, Rio Grande do Sul KY006924 MISA010-16.COI-5
LMCI 309-01-10A Brazil, Paraná KY006925 MISA011-16.COI-5
LMCI 309-01-10B Brazil, Paraná KY006926 MISA012-16.COI-5
Outgroup
Spinivalva
gaucha LMCI 164-15 – KC512112 GBGL13506-14.COI-5P
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Lsp. LMCI 169-A1 
Parectopa ononidis CLV2269 
Epicephala sp. E312AK 
Specimens of L. schinusae used for comparison were either diss-
cted (immatures) or reared (adults) from leaf mines collected on
chinus terebinthifolius by C. M.  Pereira (CMP) in Laranjeiras do
ul, PR, Brazil, as follows: LCMI 309-1, ﬁve larvae preserved in
00% alcohol below −10 ◦C, used for DNA extraction, 25.VII.2015;
MCI 309-3, one female, preserved in 70% alcohol, with genitalia
n slide preparation (CMP 001-16F), 07.XI.2015; LMCI 309-4, one
ale, pinned, with genitalia in slide (CMP 001-18M), 07.XI.2015;
MCI 309-5, one male, in 75% alcohol, with genitalia in slide (CMP-
2M), 16.VI.2016; LMCI 309-6, one female, pinned, with genitalia in
lide (CMP-31F), 16.VI.2016. Also, ﬁve last instar larvae, preserved
n 100% alcohol below −10 ◦C, used for DNA extraction, dissected
rom leaf mines on Schinus aff. polygamus,  Coxilha das Lombas,
anto Antonio da Patrulha, Rio Grande do Sul, Brazil, April 2015,
.R.P. Moreira & S. L. Bordignon coll. (LMCI 295-19).
iagnosis
Despite their morphological and life history resemblance, the
wo species of Leurocephala can be differentiated based on mor-
hology of the adult and larval stages, and by the shape of the
ine. The apex of the sacculus of male genitalia in L. chilensis is
rovided with a short, spine-like process that projects upwards,
hich is absent in L. schinusae; the dorsal surface of the aedeagus
f L. chilensis is sculptured with several small tooth-like projec-
ions on the concave area, which are absent in L. schinusae. In the
emale genitalia, two signa are found on the corpus bursae of L.
hilensis, while only one signum is found in L. schinusae;  further-
ore, the horn-like lateral extensions of the antrum are laterally
rojected in L. chilensis, while these structures are apically pro-
ected in L. schinusae At the larval stage, the ventral plate of the
rothorax of the last instar of L. schinusae is uniformly sculptured
y a great number of granular projections of similar size, about 12
f which are at the posterior margin of the plate, almost touch-
ng laterally, while in L. chilensis the greatest granular projections,
lmost 1.5 times the length of the smallest ones, are restricted to the
osterior third of the ventral plate, with only four at the posterior
argin, clearly separated from each another by a distance similar
o the diameter of the respective projection. The serpentine minePlease cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
onstructed by the second instar of L. schinusae has a little blotch-
ike broadening a short distance from the empty chorion, while
roadening is absent in the serpentine mine of the second instar of
. chilensis.– KC512114 GBGL13508-14.COI-5P
– KP845416 GRSLO654-11.COI-5P
– FJ235388 –
Description
Adult (Fig. 1)
Male. Head. Front mostly whitish gray with brownish gray spots
close to the compound eyes; vertex whitish gray; maxillary palpus
whitish gray; labial palpus mostly whitish gray, second segment
with brownish-gray spots distally; proboscis short, naked; antenna
ﬁliform, slightly shorter than forewing; scape elongated, brownish
gray dorsally, whitish gray ventrally; with two  narrow longitudinal
stripes on the medial surface, one brownish gray in contact with the
ventral area, the other whitish gray in contact with the dorsal area;
pedicel and two ﬁrst ﬂagellomeres with coloration similar to the
scape, remaining ﬂagellomeres brownish gray.
Thorax. Mostly brownish gray dorsally with a few whitish gray
scales; tegula dorsally brownish, ventrally whitish gray with a tuft
of long scales at tip; lateral and ventral surfaces whitish gray. Fore-
leg mostly whitish gray, medial surface of femur and tibia brownish
gray, tibial epiphysis whitish gray, a brownish gray ring at base
of each tarsomere. Middle leg mostly whitish gray, tibia with two
brownish gray rings, tibial spurs whitish gray, tarsomeres similar to
those of the foreleg. Hindleg mostly whitish gray, a brownish gray
ring at base of the femur, two brownish gray rings on the tibia, prox-
imal tibial spurs brownish gray, distal tibial spurs mostly whitish
gray with a brownish gray ring at middle, long whitish gray hair-like
scales on the anterior and posterior surface of the tibia, tarsomeres
whitish gray.
Forewing. Length: 4.0–4.5 mm (n = 10). Mostly brownish gray; a
distinctive white transverse stripe arises in the middle of the coastal
and hind margins, slightly projected apically at the longitudinal axis
of the wing, sometimes interrupted by ground color scales; a short
oblique, apically projected stripe arises from 3/4 of the hind margin
reaching the longitudinal axis of the wing; a distinctive blackish
gray dot subapically; fringe around apex short, concolor with the
wing, a small apical tuft of plain scales; fringe on hind margin with
long hair-like brownish gray scales. Venation as described by Davis
et al. (2011) for L. schinusae.
Hindwing. Length: 3.2–3.4 mm (n = 10). Uniformly brownish
gray with concolorous fringe of long hair-like scales. Venation as
described by Davis et al. (2011) for L. schinusae.
Abdomen. Mostly brownish gray dorsally, with oblique segmen-pecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
tal stripes of whitish gray ventrally until segment VI, completely
whitish gray ventrally at apex. Segment VII with tergum and ster-
num reduced to ﬁne transversal stripes. Segment VIII with sternum
as a hood-like slightly sclerotized plate; sternum VIII as a slightly
ARTICLE IN PRESSG ModelRBE-126; No. of Pages 10
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Figs. 1–7. Adult and life-history of Leurocephala chilensis on the abaxial surface of Schinus molle leaves: (1) pinned-dried male, dorsal view; (2) egg; (3) freshly hatched ﬁrst
instar  larva, seen by transparence within the mine (empty chorium is indicated by arrow aside); (4) middle age mine (arrow indicates the egg-chorium at the beginning of
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xit  of last instar larva); (6) pupal cocoon, ornamented with bubbles (arrow); (7) 
 mm,  respectively.
clerotized ﬁne transversal stripe. Membranous area between seg-
ent VII and VIII laterally with a pair of hair-like coremata at the
pex of a ﬁnger-like mostly membranose lobe provided with a rod-
ike sclerite. Segment VIII with a second pair of hair-like coremata
n the lateral apex of the sternum.
Male genitalia (Figs. 8–11). Uncus absent. Tegumen as two
ne stripes touching dorsally. Saccus U-shaped in posterior view,
entral area with the anterior margin slightly projected forward,
osterior margin slightly convex. Gnathos (Fig. 8) as two  short,
lightly sclerotized ﬁnger-like lobes. Valva (Fig. 8) broadly joined
asally to the posterior margin of the lateral arms of the saccus;
ostal margin straight; cucullus mostly membranous, ventral mar-Please cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
in parallel to the costa; sacculus well sclerotized, basal part broad,
riangle-like, delimited by a broad concavity on the ventral margin,
ith distal part straight, down-curved, slightly dilated subapically,
earing a short spine-like projection at apex (Fig. 9). Transtilla as as, presented in transversal view in Figs. 33–35); (5) old, empty mine (seta indicates
 exuvium, partially protruding from the cocoon. Scale bars = 1, 0.5, 0.5, 5, 5, 3 and
slightly sclerotized transversal band joining the base of the costal
margin of the right and left valvae. Juxta absent. Aedeagus (Fig. 10)
a bit shorter than valva, with insertion of the ductus ejaculatorius
dorsally, close to the middle; basal half forward directed, tip blunt,
diameter increasing toward the middle; distal half upcurved, with
lateral sides slightly asymmetrical at apex, dorsal surface sculp-
tured by several small tooth-like projections on the concave portion
(Fig. 11). A small sclerite joined dorsally on the middle of the aedea-
gus. Cornuti absent.
Female.  Similar to male in size and color.
Female genitalia (Figs. 12–14). Anterior and posterior apophy-
ses well sclerotized, with length similar to the sternum VII. Ostiumpecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
bursae broad, covering completely the posterior margin of the ster-
num VII. Antrum broad, sclerotized, trapezoid-like in ventral view,
length about half of the sternum VII, cephalic side about half of
the posterior side, with two laterally directed horn-like extensions
ARTICLE IN PRESSG ModelRBE-126; No. of Pages 10
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pigs. 8–14. Genitalia morphology of Leurocephala chilensis under light microscopy
arked  in Fig. 8); (10) aedeagus, lateral view; (11) dorsal spines of aedeagus, in de
n  detail (indicated by open and closed arrows in Fig. 12). Scale bars = 200, 50, 100, 
n the middle of the lateral sides. Ductus bursae membranous,
ith similar length to the antrum. Corpus bursae elliptical, elon-
ated, mostly membranous, with two signa (Fig. 12); the larger
Fig. 13) one on the ventral surface, triangle-like, with a narrow
clerotized longitudinal stripe with the cephalic tip projected for-
ard as a short spine into the corpus bursae; the smaller (Fig. 14)
ne on the dorsal surface, elliptical, elongated, length about 3/4 of
he larger, with a longitudinal sclerotized stripe. Ductus seminalisPlease cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
asally inserted on the ventral surface of the corpus bursae (Fig. 12).
Egg (Fig. 2).
Round and ﬂat, with a translucent chorion, allowing by trans-
arence visualization of the embryo under development within.male, posterior view; (9) distal end of valva, in detail (enlarged, rectangular area
nlarged area indicated by seta in Fig. 10); (12) female, ventral view; (13, 14) signa,
0, 50 and 50 m,  respectively.
Larva (Figs. 15, 16, 19–26).
There are three morphotypes and ﬁve intars, which are similar
in morphology to those described by Davis et al. (2011) for the type
species, except for the last instar described below. The ﬁrst instar
is of a “sap-feeding” type, having mandibles modiﬁed for slicing
the epidermis cells, differing from the remaining four instars that
are tissue-feeders, which have mandibles used for chewing the leaf
parenchyma. These can be identiﬁed by measuring their head cap-pecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
sule width, which do not overlap in size (Table 2). Corresponding
exponential growth curve for the four tissue-feeding instars of L.
chilenis reared on L. molle was: y = 0.0494e0.4787x; n = 50; r = 0.98;
p < 0.0001.
ARTICLE IN PRESSG ModelRBE-126; No. of Pages 10
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(igs. 15–18. Last instar (15, 16) and pupal (17–18) morphologies of Leurocephala chil
Last instar (Figs. 15, 16, 19–26). Maximum body length = 5.5 mm
n = 10). Head (Figs. 15, 16, 19, 20). Brown, semicircular in dorsal
iew, vertex partially covered by the prothorax, slightly depressed
orsoventrally, mostly smooth with a rhomboid-like area coveredPlease cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
y short spine-like microtrichia between the frontoclypeous and
he stemmata; epicranial notch U-shaped, broad and deep; fron-
oclypeous rectangle-like, about two times longer than wide; six
igs. 19–26. Last larval instar of Leurocephala chilensis under scanning electron microscop
22)  callum of ﬁrst abdominal segment, ventral; (23) sternal prothoracic plate, ventral; (24
26)  spiracle of eighth abdominal segment, lateral. Scale bars = 100, 50, 20, 50, 25, 50, 50 ander light microscopy, in dorsal and ventral views, respectively. Scale bars = 0.5 mm.
circular stemmata, with stemmata 1 and 2 close to seta A3, stem-
mata 3–5 in a diagonal line ventral to seta A1, stemma 5 slightly
displaced to the ventral surface of the head, stemma  6 isolated on
the ventral surface of the head, almost equidistant to setae S2 andpecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
SS2. Antenna three-segmented; ﬁrst segment annular, second seg-
ment cylindrical, about two  times longer than the ﬁrst segment,
with sensillae distally, and third segment cylindrical, similar in
y: (19–20) head, under dorsal and lateral views, respectively; (21) antenna, dorsal;
) mesothoracic leg, lateral; (25) pseudopodium of ﬁfth abdominal segment, ventral;
nd 10 m,  respectively.
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Table  2
Variation in size of head capsule width among instars of Leurocephala chilensis reared on Schinus molle (n = 10 per instar).
Instar Head capsule width (mm)
Mean ± standard error Range Growth rate
I 0.127 ± 0.026 0.117–0.143 –
II  0.127 ± 0.003 0.117–0.143 –
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mIII  0.211 ± 0.009 
IV  0.340 ± 0.007
V  0.534 ± 0.005 
ength to second segment, about a half the diameter the second
egment, with sensillae at apex. Mouthparts of the chewing type;
abrum bilobed, four short hair-like setae on the external surface;
pipharyngeal spines close to the distal margin of the labrum, one
air of plain epipharyngeal sclerites close to the each group of
pipharingeal spines; mandible well-developed, with ﬁve distal
usps; maxilla with well-differentiated galea and palpus; labium
ith a well-developed cylindrical spinneret at apex and a pair of bi-
egmented palpi laterally to the spinneret; hypopharynx provided
ith long hair-like projections. Chaetotaxy. AF group bisetose, AF1
nd AF2 as microsetae close to the dorso-median apex of the patch
f microtrichiae. A group bisetose, A1 close to antenna, A3 dorsal
o stemma, about two times the length of A1. CD group of microse-
ae trisetose. C group unisetose, C1 as a microseta. F group of setae
bsent, Fa pore present. L group unisetose, L1 as a short hair-like
eta posteroventral to A3. MG  group of microsetae bisetose. P group
isetose, P1 at middle of the patch of microtrichiae, size similar to
1, P2 greatly reduced, slightly greatest CD setae. S group bisetose,
1 about halfway between stemmata 1 and 3, S2 about halfway
etween stemmata 1 and 6. SS group trisetose, SS1 ventromedial
o stemma  5, SS2 about halfway between stemmata 4 and 6, SS3
osteromedial to stemma  6. Thorax and abdomen sculptured by
hort spine-like microtrichiae.
Thorax (Figs. 15, 16, 22–24). Prothorax. Dorsal shield grayish
rown, smooth, in the form of two subtriangular plates separated
edially by a narrow membranous stripe; each plate with the ante-
ior margin slightly convex, medial margin straight, lateral margin
idely concave close to the anterior margin and almost parallel
o the medial margin on the distal 2/3, posterior vertex widely
ounded. An ellipsoid shield postero-ventral to SV group. Ventral
hield square-like, lateral sides slightly concave close to the anterior
argin, posterior margin slightly convex; sculptured by granular
rojections variable in size, the largest restricted to the posterior
hird of the plate, clearly separated from each other by a distance
imilar to the diameter of the respective projection. A circular spira-
le with slightly elevated peritrema laterally close to the posterior
argin of the segment. A longitudinally oriented callus-like struc-
ure between the lateral margin of the dorsal shield and the SV
roup; another callus-like structure postero-lateral to the coxa.
haetotaxy: D group bisetose, D1 greatly reduced, on the poste-
ior half of the dorsal shield close to the lateral margin, D2 about
hree times the length of D1 between the dorsal shield and the
allus-like structure. XD group bisetose, XD1 anterior to D2, XD2
entral to XD1. SD group bisetose, lateroventral to the callus-like
tructure, SD1 similar in size to D2, SD2 about 4–5 times longer
D1. L group bisetose, similar to SD2 in size, clearly anterior to the
piracle. SV group bisetose, antero-dorsal to the ellipsoid shield. V
roup unisetose, V1 between the coxa and the ventral shield.
Meso and metathorax without dorsal, lateral or ventral shields.
 transversally oriented callus-like structure anterior to D2;
nother callus-like structure postero-lateral to the coxa. Chaeto-Please cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
axy: D group bisetose, D1 anterior and D2 posterior to the
allus-like structure. SD group bisetose, ventro-lateral to the callus-
ike structure. L group bisetose. SV and V groups unisetose. Legs
oderately well developed, bearing large tarsal claws.182–0.260 1.661
312–0.377 1.611
507–0.559 1.571
Abdomen (Figs. 15, 16, 25, 26). All segments bearing dorsal and
ventral smooth shields varying in shape. Dorsal shield of A1–6 in
the form of a small irregular plate, those of A7 and A8 little devel-
oped, in the form of a small dot; dorsal shield of A9 ellipsoidal,
well-developed, transversally arranged; dorsal shield of A10 in the
form of two  widely separated plates close to the posterior margin
of the segment. Ventral shield of A1–2 and A8 circle-like, little evi-
dent on A3–5, between the respective prolegs; those of A6–7 similar
in size and shape to those of A3–5; ellipsoidal on A9, transver-
sally arranged, smaller than the dorsal shield of the same segment;
absent on A10. Chaetotaxy: A1–2, 6–7: D group bisetose, D1 ante-
rior and D2 posterior to the callus-like structure. SD group bisetose,
SD1 latero-ventral to the callus-like structure, SD2 greatly reduced,
dorsal to the spiracle. L group unisetose, L1 postero-ventral to
the spiracle. SV bisetose, dorso-lateral to the callus like structure.
V group unisetose, V1 between the callus-like structure and the
ventral shield. A3–5: similar to the preceding segments; SV dorso-
lateral to the proleg. A8 similar to preceeding segment, except that
SV group unisetose. A9 similar to preceeding segment, except that
SD group unisetose. A10 with D and SD groups bisetose; D1 ante-
rior and D2 posterior to the dorsal shield, SD1, SD2 on the margin
of the lateral part of the dorsal shield; L, SV and V groups unise-
tose. Spiracles round, with moderately elevated peritreme. Prolegs
present on A3–5 and A10; crochets arranged in a staggered caudal
varying from 10 to 16 hooks on A3–5 (Fig. 25); A10 with crochets
reduced to 4 hooks.
Pupa (Figs. 17, 18, 27–32).
Maximum body length: 4 mm (n = 10). Similar in color and gen-
eral appearance to L. schinusae, as described by Davis et al. (2011)
for L. schinusae. Minutely and densely spinose, particularly the dor-
sal abdomen. Cocoon cutter subtriangular, with outer ridge having
numerous minute teeth, the central three teeth the largest. Anten-
nae long, surpassing the abdomen in length. Labial palpi ca. 1/3 the
length of proleg. Proboscis as long as the proleg. Forewings nar-
row, well separated, extending to abdominal segment A7. Hindlegs
extending to abdominal segment 9 + 10. Setae D1, SD1, and L1
present on A1–7; only SD1 present on A8. Abdominal spiracles
round, with elevated peritreme (Fig. 31). Cremaster formed by
three pairs of slightly curved spines, two lateral and one dorsal
(Fig. 32).
Etymology. The speciﬁc epithet is derived from the country of
the type locality.
Distribution. L. chilensis is known only from Azapa (type local-
ity) Valley in the Atacama Desert of northern Chile.
Life history (Figs. 2–7). Eggs are laid individually (Fig. 2) on the
adaxial surface of the leaﬂet, mostly close to the main leaﬂet vein.
After hatching, the ﬁrst, sap-feeder instar introduces itself into the
leaﬂet, constructing a small, superﬁcial, blotch-like mine a short
distance from the empty chorion (Fig. 3). The feces are deposited
into the lumen of the chorion during the time that the anal apex of
the ﬁrst instar remains there. The second instar constructs a nar-pecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
row serpentine mine (Fig. 4) on the adaxial surface of the leaﬂet.
Subsequent instars construct a conspicuous blotched mine on the
adaxial surface whose diameter increases with the sequence of the
instars, generally covering more than 50% of the leaﬂet when fully
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Figs. 27–32. Pupa of Leurocephala chilensis under scanning electron microscopy: (27) head, ventral view; (28) “cocoon-cutter” in detail, ventral; (29) labrum in detail, ventral;
(30)  sixth and seventh abdominal segments, dorsal, (31) spiracle of eighth abdominal segment, lateral; (32) last abdominal segments, dorso-posterior. Scale bars = 100, 25,
100,  100, 5 and 100 m,  respectively.
Figs. 33–35. Variation in transversal histological sections of Leurocephala chilensis on Schinus molle leaf, according to larval ontogeny; (33) ﬁrst, sapfeeding instar (position
i ; (35)
a a; Sp, 
d
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l
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c
t
(ndicated by letter “a” in Fig. 4); (34) early tissue-feeding instar (letter “b” in Fig. 4)
daxial surface of epidermis; Lm,  leaf mine; Ep, epidermis; Pp, palisade parenchym
eveloped (Fig. 5). A large number of feces are glued on the internal
ide of the “epidermal” surface of the blotch mine. The fully devel-
ped ﬁfth instar makes a short slit on the margin of the mine to exit
rom it to search for a site for pupation. Pupation mostly occurs
n the abaxial surface of a leaﬂet of the same plant; previously
he ﬁfth instar constructs an ellipsoidal smooth cocoon, generally
ith one of the lateral margins touching the lateral margin of the
eaﬂet, and externally deposits silk bubbles (Fig. 6) secreted by the
nus. When metamorphosis is completed, the pupa makes a slit
n the cocoon using the cephalic cocoon-cutter to enable the adult
o emerge, after which the pupal exuvium typically appears pro-
ruded with the posterior body portion remaining in the cocoonPlease cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
Fig. 7). The ﬁrst, sap-feeding instar feeds only on the epidermis
ells (Fig. 33), while the other four tissue-feeding instars feed on
he palisade parenchyma, leaving the spongy parenchyma intact
Figs. 34, 35). last tissue-feeding instar (letter “c” in Fig. 4). Ab, abaxial surface of epidermis; Ad,
spongy parenchyma. Scale bars = 0.2 mm.
Molecular analyses. Two  reciprocally monophyletic lineages
were found within the genus Leurocephala: the currently recog-
nized L. schinusae and the new species L. chilensis (Fig. 36). Genetic
divergence estimated between these lineages was 12% (±1%) and of
both species together versus the outgroups (Spinivalva,  Parectopa
and Epicephala), varied from 16 to 18% (±1%, for any comparison).
Discussion
Morphological resemblance with the type species enables us
to include this new gracillariid species in the formerly monotypic
Neotropical genus Leurocephala. No differences were found in bodypecies of Leurocephala Davis & Mc  Kay (Lepidoptera, Gracil-
rt, with notes on life-history. Rev. Brasil. Entomol. (2016).
color or wing venation in the adult stage for the two species. In
addition, we  were unable to separate L. chilensis from L. schinusae
based on the external morphology of the pupa; also, no differences
were found between their last larval instar chaetotaxy. However,
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hig. 36. Maximum likelihood phylogenetic tree of Leurocephala inferred based on 
ranch indicate bootstrap support lower than 50%. Species of Spinivalva, Parectopa 
s already mentioned, highly constant differences were found to
eparate the two species in the adult genitalia, and in the ven-
ral prothoracic plate of larvae. In addition, subtle differences were
ound in the shape of the mine built by the second, tissue feed-
ng instar. These morphological differences were reinforced by the
olecular phylogenetic analysis, as the two species were grouped
s closely related, but reciprocally monophyletic taxa that diverge
rom each other by ca. 12% (±1%) in DNA barcode sequences.
The known distribution of Leurocephala was previously
estricted to the southern part of the Atlantic Forest, including por-
ions of Argentina, Brazil and Paraguay (Davis et al., 2011). Thus
he discovery of L. chilensis in the Atacama Desert provides the ﬁrst
ecord of Leurocephala from west of the Andes Range, expanding
emarkably the geographic range of the genus. Additional surveys
ill be needed to characterize adequately the host(s) and geo-
raphic range of L. chilensis. It is very likely to ﬁnd this species in
ther coastal valleys of the Atacama Desert, either in northern Chile
r southern Peru, in the same way that other Gracillariidae were
ound in this hyperarid area (Maita-Maita et al., 2015), since the
ost plant S. molle is widespread in the region. The type species L.
chinusae is able to breed on several species of Schinus, and also on
pecies of two other genera in Anacardiaceae (Mc  Kay et al., 2012).
dults of Leurocephala specimens were recently reared from leaf-
ines collected on S. polygamus (Cav.) Cabrera, and mines typical
f Leurocephala were also found on leaves of Schinus latifolius (Gill.
x Lindl.) Engler in two localities of Central Chile not included in
he present study. These new ﬁndings suggest that all the species
f Schinus distributed in south-central Chile (see Rodríguez et al.,
983) should be surveyed to know the effective range and diversity
f Leurocephala west of the Andes. In our opinion, further taxonomic
ecisions on this regard should wait until comparative, ﬁne scale
nalyses with an integrative taxonomic approach are performed,
nd after a broader survey for this micromoth genus been con-
ucted throughout its range in South America. According to Davis
t al. (2011), the type material used in the original description of
. schinusae was reared from mines collected on S. terebinthifolius
addi, but similar mines were also found by them on other Schi-
us species, and also on an additional anarcadeacean, Astronium
alansae Engl.
Additional monospeciﬁc genera of Neotropical Gracillariidae
ave been described during the last decades (e.g., Davis, 1994;
argas and Landry, 2005; Vargas and Parra, 2005; Mundaca et al.,Please cite this article in press as: Pereira, C.M., et al. A new s
lariidae) from the Azapa Valley, northern Chilean Atacama Dese
http://dx.doi.org/10.1016/j.rbe.2016.11.003
013a,b), whose monotypic status might be associated with low
ampling effort. The discovery of a second species of Leurocephala
ith morphology very close to the type species but with relative
igh level of genetic divergence, and with larvae feeding on a plantp of DNA barcode sequences (cytochrome oxidase subunit I gene). Asterisk above
icephala were used as outgroup; see Table 1 and text for further description.
of the same family as the type species suggests that analogous stud-
ies should be carried out also for these other apparently monotypic
genera. In other words, host-plant shifts between closely related
plants and the existence of cryptic species in association should be
further explored in such Neotropical gracillariid genera, as already
suggested by Brito et al. (2013).
Finally, our results illustrate the existence of wide diversity
of feeding habits at ﬁne scale throughout ontogeny and among
gracillariid lineages, which should be better explored. As far we
are aware, feeding conﬁned to single-celled epidermis, as demon-
strated here for the ﬁrst sap-feeding instar of L. chilensis has not
been described for any species within the Parectopa group. This
very specialized feeding behavior was demonstrated for the sap-
feeding larvae of Phyllocnistis citrella Stainton (Achor et al., 1997)
and Marmara arbutiella Busck (Wagner et al., 2000). Sap-feeding
instars of other gracillariids are supposedly associated primarily
with the outer layers of parenchyma (e.g. Brito et al., 2012). Feed-
ing on palisade parenchyma is restricted to tissue-feeding instars
in L. chilensis, which is also the case for all tissue-feeding instars
of Spinivalva gaucha Moreira & Vargas, as described by Brito et al.
(2013). Our data give further support in the sense that the three
larval morphs (sap-feeder, apodal and legged) Leurocephala found
(see Davis et al., 2011) might be associated with the three mining
types described here (the epidermic, serpentine and blotch types,
respectively).
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